Abstract. The focus of this article is on further improvements of methods in neutron imaging: the increased spatial resolution for microtomography and options for energyselective neutron imaging. Before going into details, some common statements are given in respect to the state-of-the-art in neutron imaging. A relation to the X-ray methods is mentioned, where complementary results are obtained. The potential for the energy selection is of particular interest for future installations at the new pulsed sources, based on spallation (SNS, J-PARC, ISIS-TS2). First results from preliminary studies look very promising for future material and industrial research. Therefore, statements about the set-up of the best possible imaging systems are included in the article.
Introduction: Neutron vs. X-ray imaging
Neutron radiography has generally been carried out using strong neutron sources which enable transmission images, mostly based on film exposure using converters. Although many of the aged reactors (and the attached neutron radiography stations) went out of operation in the meanwhile, there are some new installations where state-of-the-art detection systems enable performance similar to what the advanced X-ray systems can deliver. The progress in digital imaging systems has been further used to improve neutron imaging methods onto a level, which can compete with X-ray ones. In particular, digital neutron imaging provides high performance for studies with variable conditions with respect to spatial and time resolutions.
As shown in the example of a sealed Buddha scarifying sculpture (figure 1) both X-ray and neutron transmission images enable different and complementary insights into the object. The high contrast of the X-rays for the metallic (brass) cover is complemented by the opportunity to visualize the organic content (wood, dried plant, fibres, cord) of the sculpture. Both images together can deliver the whole information of the object in completely non-invasive way. In general, neutron imaging has complementary options in comparison to the X-ray methods due to the different interaction schemes of either neutrons (thermal or cold) or X-rays.
Whereas neutrons interact with the atomic nuclei, the X-ray attenuation is directly related to the number of electrons in the atomic shell. Accordingly, X-rays have low interaction probability for light elements, but deliver high contrast for heavy materials. Neutron interactions often act reversely to this behaviour.
Competitive neutron image quality can be obtained if a well-developed facility is used. Such installations are available at only few places worldwide [1] . All modern imaging techniques (tomography, real-time imaging, phase contrast enhancement, etc.) are available today for neutrons too, similar to the X-ray techniques in principle, if right installations have been done.
State of the art in neutron imaging
In order to obtain neutron imaging data with a quality comparable to X-ray techniques, some requirements have to be fulfilled. Despite the high competition for neutron scattering (spectrometers, diffractometers) installations around most neutron sources, it is essential that a dedicated beam line is exclusively used and particularly designed for the neutron imaging applications. The higher the source strength the better is the performance in acquisition time and image quality.
A high beam collimation (L/D > 500) is needed to enable best possible image resolution. For some special applications (e.g. phase contrast edge enhancement), the collimation must be even higher. A well-defined thermal or cold spectrum is required to enable quantification and corrections for multiple scattered neutron contributions in the images [2] . Low background from accompanying gamma radiation avoids misleading disturbances in the images.
